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Abstract Here we report on the effects of an experimental ﬂood on the carbon cycling dynamics in the dry
watercourse of the Colorado River in Mexico. We observed post-ﬂood differences in the degree of decay, age,
and concentration of dissolved organic carbon (DOC), as well as dissolved CH4 and CO2 concentrations
throughout the study site. Our results indicate that this ﬂooded waterway was a limited source of CH4 and
CO2 to the atmosphere during the event and that DOC age increased with time of ﬂooding. Based on our
ﬁndings, we suggest that the interplay between storage and mobilization of carbon and greenhouse gases in
arid and semiarid regions is potentially sensitive to changing climate conditions, particularly hydrologic
variability. Changes in the radiocarbon age of DOC throughout the ﬂooding event suggest that organic
matter (OM) that had been stored for long periods (e.g., millennial) was mobilized by the ﬂooding event
along with CO2. The OM residing in the dry riverbed that was mobilized into ﬂoodwaters had a signature
reﬂective of degraded vascular plant OM and microbial biomass. Whether this microbial OM was living or
dead, our ﬁndings support previous work in soils and natural waters showing that microbial OM can
remain stable and stored in ecosystems for long time periods. As human appropriation of water resources
continues to increase, the episodic drying and rewetting of once natural riverbeds and deltas may
fundamentally alter the processing and storage of carbon in such systems.
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1. Introduction
Flooding events are thought to be important for their role in the transfer of carbon from soils and plant litter
to inland waters, which also affects the evasion of greenhouse gases (GHGs) [Raymond and Saiers, 2010].
Approximately 100 Tg of CO2 is degassed from U.S. streams and rivers per year due to the exchange of carbon
between terrestrial and aquatic biospheres [Butman and Raymond, 2011]; however, this coarse budget does
not include the effects of short-term ﬂooding events, particularly in rivers that are dry for extended periods.
The Colorado River (CR), one of the great desert rivers in the world, is mostly a dry watercourse below the U.S./
Mexican border as a result of upstream water extraction. In this lowermost reach, the main stem of the CR is a
string of small pools supplied by groundwater and agricultural return ﬂow, with almost no water reaching the
Gulf of California. This region has not experienced natural ﬂow rates and spring ﬂoods since prior to dam
building in the 1930s. The last time CR water actually reached the Gulf of California was during the last
ﬂooding event in 1999 [International Boundary and Water Commission, 2014].
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In 2014 the dry reaches of the Colorado River (CR) in Mexico were ﬂooded for the ﬁrst time since 1999. In most
years following 1960, the river had not reached the sea because of extensive upstream diversions for
agricultural and municipal use. The Minute 319 agreement between the governments of Mexico and the
U.S. (available at http://www.ibwc.state.gov/Files/Minutes/Minute_319.pdf) prescribed the release of
130 × 106 m3 of water to the river’s delta in Mexico, representing less than 1% of the average historical ﬂow
of the CR, in order to explore this pulse ﬂow’s effects on the hydrology and ecosystems of the riparian corridor
[Flessa et al., 2013; Hodson, 2014; Stokstad, 2014; Witze, 2014]. This event created a unique opportunity to
investigate the mobilization of terrestrial carbon under a large ﬂooding event in a long dry watercourse.
Temporarily dry watercourses continue to be created around the world and are signiﬁcant sources of greenhouse gases (GHGs) in semiarid and arid regions [Haverd et al., 2013; von Schiller et al., 2014]. Carbon cycling
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dynamics in dry riverbeds are not well quantiﬁed across different regions and need to be better integrated
into future carbon budgets [Acuña et al., 2014]. When considering future projections of enhanced variability
in ﬂooding and drought events [IPCC, 2013], it is especially important that we understand how the long and
short-term transitions between wet and dry periods of watercourses impact the storage and release of
carbon.
Here we report on results from this ﬂow experiment to better understand how the mobilization of organic
carbon (OC) and GHGs occurs in river reaches that have been ﬂooded after decades of dry or semidry conditions. This is the ﬁrst report on how GHGs, chemical biomarkers, and radiocarbon age of dissolved carbon
were impacted by this experimental ﬂow event in a large dry watercourse and complement recent studies
focused on bulk carbon cycling [Daessle et al., 2016a] and water budgets [Daessle et al., 2016b] during the
event. In particular, we examine how this pulse ﬂow affected the mobilization of carbon (dissolved organic
carbon (DOC), dissolved inorganic carbon (DIC), and particulate organic carbon (POC)) and greenhouse gases
(CH4 and CO2) in the lower CR. Chemical biomarkers (lignin phenols) and carbon isotopes (δ13C and 14C) were
analyzed to assess how the age, degradation history, and terrestrial carbon sources interfaced and changed
with GHGs during the ﬂooding event. Finally, we collected spectroﬂuorometric data on a select number of
samples and a leachate using sand from the dry riverbed to further examine the origin and processing of
the DOC based on excitation and emission matrices (EEMs) [e.g., Coble et al., 1990; Fellman et al., 2010].

2. Methods and Materials
2.1. Site Description and Sample Collection
Water samples were collected at six sampling sites at the onset of ﬂooding (23–29 March 2014), as close to
peak ﬂow as possible (3 March 2014 to 2 April 2014), and again during the period of receding ﬂow in the
2 days prior to the end of releases from Morelos Dam (17 and 18 April 2014) (Figure 1). This region of the
CR basin is characterized by high rates of evapotranspiration, high temperatures, sandy substrates, and a narrow riparian zone deﬁned by levees that protect adjacent agricultural ﬁelds. An estimated 130 × 106 m3 of
water was released during the period from 23 March to 15 May 2014 [Flessa et al., 2014; Bark et al., 2016].
The hydrograph, showing peak ﬂows at each of the sites (Figure 1), demonstrates attenuation of the peak
ﬂow downstream and suggests rapid inﬁltration into the subsurface where the water table is deepest
(Sites 3–5). Peak discharge occurred at all sites between 25 March 2014 and 5 April 2014. Daily inﬁltrated
water volumes were calculated by river regions for the period of 23 March to April 2014 [Flessa et al., 2014;
Bark et al., 2016].
The sampled sites can be characterized as either “wet” or “dry” based on their dominant characteristics
throughout most of the year (i.e., sites with pooled water present versus sites that previously had no surface
water). The wet sites were just downstream of the gates of Morelos Dam (Site 1), where water pools into small
ponds for most of the year, and Site 2, 3.4 km downstream of Morelos Dam. The dry sites were 21.8 km downstream of the Morelos Dam (Site 3), 27.5 km downstream of Morelos Dam at the Southerly International
Boundary (Site 4), and 39.5 km downstream of Morelos Dam (Site 5). Sites 3–5 are dry most of the year, including prior to the ﬂooding event (Figure 1). We conducted a one-time sampling of CR water, 13.4 km above the
Morelos Dam in Yuma, AZ, to represent an upper river end-member of incoming river water during the pulse
ﬂow (Yuma Site/Site 0). Unlike many impounded river systems, there is no storage reservoir above Morelos
Dam. Site 0 is representative of the ﬂowing river portion of the Colorado River entering into the diversion
system at Morelos. Dry sediment was collected from the riverbed at Site 3 to characterize the organic and
inorganic carbon present in the sandy dry riverbed prior to ﬂooding and after a simple leaching experiment.
2.2. River Discharge
Water deliveries from Morelos Dam and two downstream release points were reported by the Comisión
Internacional de Limites y Aguas. Discharge data for three Sites (1, 3, and 5) were calculated using U.S.
Geological Survey stage data. Discharge at Sites 2 and 4 was calculated by methods described in Flessa
et al. [2014] from continuous stage data.
2.3. Bulk Carbon and Water Quality Measurements
Sixty milliliters of raw water was collected and ﬁltered in the ﬁeld through precombusted 0.7 μm glass ﬁber
ﬁlters (GFF, Whatman) and preserved with H3PO4 to measure dissolved organic carbon (DOC) as well as total
BIANCHI ET AL.
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Figure 1. Map of sampling locations in the Colorado River during a planned ﬂow restoration from 23 March to 15 May 2014. Sites 1 and 2 had pooled water prior to
ﬂooding, in contrast to sites 3 and 5, which were completely dry prior to ﬂow restoration. Individual hydrographs are shown for each site during the sampling
period. The Yuma Site (red asterisk) is 13 km above the dam and was used to represent a comparative river end-member of river water prior to being released below
the dam. Discharge data were adapted from Flessa et al. [2014].

dissolved nitrogen (TDN). Acidiﬁed ﬁltered water samples were analyzed for DOC and TDN on a Shimadzu
TOC-VCSH/CSN using high-temperature catalytic oxidation [Guo et al., 1994] with a TDN unit in triplicate.
The same GF/F (Glass-ﬁber ﬁlter) ﬁlters were stored in combusted aluminum foil and frozen until analysis
for POC/N concentration and stable isotopic composition. In the lab, ﬁlters were dried at 50°C for 24 h, acid
fumigated with HCl for 24 h at room temperature, dried for an additional 24 h, and packed into tin
capsules. Particulate organic carbon (POC) and nitrogen and stable isotopes (13C) were measured on the
sample particulates using an elemental analyzer (Carlo Erba NA1500 CNS elemental analyzer) interfaced
with an isotope-ratio mass spectrometer (Thermo Scientiﬁc Delta V Plus). Dissolved inorganic carbon
(DIC) and the δ13C-DIC were collected in 60 mL syringes ﬁltered through precombusted glass ﬁber ﬁlters
and 1–2 mL were injected into preacidiﬁed helium ﬂushed 12 mL exetainers for analysis using gas
chromatography isotope mass spectroscopy in triplicate (Thermo Scientiﬁc Delta V Plus). Five different
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species (Tamarix spp., Populus fremontii, Prosopis pubescens, Salix goodingii, and Larrea tridentate) of the most
common plants were also collected from the U.S. bank of the river and stored in acid washed 3.8 L Ziploc bags
at room temperature. Plant material was homogenized and treated (as described above for the ﬁlters) for the
analysis of TOC, TN, and 13C.
The method used for carbon isotopic analyses (14C, 13C) of DOC and DIC is described in detail in Bauer et al.
[1992]. Samples were prepared for radioisotope analysis using established methods [Druffel and Williams,
1992; Raymond and Bauer, 2001). In brief, 120 mL samples were placed into a 160 mL quartz reaction
vessel that was connected to a vacuum extraction line. The samples were acidiﬁed to a pH 2.5 using high purity 60% H3PO4 and sparged with ultrahigh purity N2 for 10 min to remove inorganic CO2. Ultrahigh purity O2
was bubbled through the samples for 5 min to add additional O2 as an oxidant. The sample was irradiated for
5 h using a high-energy UV light to convert DOC to CO2 [Williams and Gordon, 1970; Eadie et al., 1978; Bauer
et al., 1992]. The puriﬁed CO2 was trapped and sealed in a 6 mm combusted Pyrex© tube and sent to the
National Ocean Sciences Accelerator Mass Spectrometry facility at the Woods Hole Oceanographic Institute.
River dissolved CO2 and CH4 concentrations were measured using a headspace equilibration method
outlined in Striegl et al. [2012] and corrected for the ambient atmospheric concentrations used as the
equilibration gas. Speciﬁcally, raw water samples were directly obtained in triplicate within a 60 mL gas tight
syringe and equilibrated by shaking with equal volumes of 30 mL ambient air and 30 mL of river water for
3 min. Fifteen milliliters of the equilibrated headspace gas was then injected into previously evacuated
12 mL exetainers in triplicate to be run on a Shimadzu GC-2014 gas chromatograph (Shimadzu Corp,
Kyoto, Japan). Fifteen milliliters of ambient air were taken in duplicate and injected into preevacuated
12 mL exetainers at each sampling point to correct for the concentration during the headspace equilibration
process. Water temperature, speciﬁc conductivity, and dissolved oxygen were measured using a YSI EXO
2 Sonde.
2.4. Lignin Analyses
Solid-phase extraction (SPE) was used to collect dissolved organic matter (DOM) according to the method of
Louchouarn et al. [2000] for the analysis of dissolved lignin phenols. Freeze-dried SPE extracts were analyzed
for lignin phenols using the cupric oxide method of Hedges and Ertel [1982], as modiﬁed by Goñi and Hedges
[1992]. Dissolved lignin samples were extracted via SPE on C18 cartridges after being ﬁltered through 0.45 μm
cartridge ﬁlters and acidiﬁed to pH 2 [Louchouarn et al., 2000], and analyzed on a Thermo Scientiﬁc GC-TQMS
(TRACE 1310 GC interfaced to a TSQ 8000 triple quadrupole MS) after undergoing alkaline CuO oxidation
[Goñi and Hedges, 1992]. Eight lignin phenols, vanillin, acetovanillone, syringealdehyde, vanillic acid, acetosyringone, syringic acid, p-hydroxycinnamic acid, and ferulic acid, were quantiﬁed and normalized to the
concentration of DOC (Λ8). Ratios of vanillic acid to vanillin (Ad/Alv) were used as indices of lignin decay
[Opsahl and Benner, 1998].
2.5. Leaching Experiment
A simple laboratory leaching experiment of the riverbed sand was performed to obtain a rough estimate of
how much dissolved organic matter would be released from the sand to the overlying water during a 24 h
period. Dry riverbed sand was collected in the ﬁeld at Site 3, by hand scooping (with plastic gloves) surface
sediment into a 3.8 L Ziploc bag that was previously acid washed with 10% HCl, rinsed with Milli-Q water, and
air dried. Seven replicates of 51 g of the sand was dried at 50°C for 24 h and mixed with 200 mL of Milli-Q
water in an acid-cleaned and combusted Erlenmeyer ﬂasks. Each of the seven ﬂasks was then placed on a
shaker table set at a speed that allowed vigorous sediment resuspension, in an attempt to simulate ﬂoodtype conditions. The leachate was analyzed for DOC and TN concentration and spectroﬂuorometric properties. The sand from each ﬂask was analyzed for bulk parameters described in section 2.3.
2.6. Spectroﬂuorometric Measurements
Water samples were collected from the ﬁeld for characterization of chromophoric dissolved organic matter
(CDOM) by absorbance and ﬂuorescence spectroscopy. Filtered water samples (GFF) were measured for
absorbance on a Shimadzu UV-1800 spectrophotometer in a 1 cm quartz cuvette. DOM ﬂuorescence was
measured on a Hitachi F-7000 Fluorescence Spectrophotometer, and excitation emission matrices (EEMs)
were generated by scanning emission spectra from 280 to 550 nm at 2 nm increments, from excitation

BIANCHI ET AL.

EXPERIMENTAL OF COLORADO RIVER

610

Journal of Geophysical Research: Biogeosciences

10.1002/2016JG003555

wavelengths 250 to 450 nm at 5 nm increments. EEMs were corrected for inner-ﬁltering effects, lamp
intensity (excitation mode), and detector response (emission mode), and reported in water Raman units
(RU) via drEEM toolbox for MATLAB [Murphy et al., 2013].
Maximum ﬂuorescence intensity (Fmax) was recorded at known wavelengths (Exmax/Emmax) that corresponded to “humic- and protein-like” DOM. Fluorescent DOM also has dual peak characteristic; thus,
“humic-like” peaks C and A (visible region) correspond to Peaks AC and AM (UV region), respectively, while
protein-like ﬂuorescence Peak T corresponds to Peak AT [Coble et al., 2014]. Peak-picking for Peaks C, M,
AM, and T was carried out to track changes in EEMs and relate variations to DOM biogeochemistry [Coble
et al., 1990; Coble, 1996].
In this study, we used the following spectroﬂuorometric indices to characterize EEMs: humiﬁcation index
(HIX) (calculated as the ratio of emission intensity between 434 and 480 nm over the emission intensity
between 300 and 346 nm at excitation wavelength 255 nm), an indication of more humiﬁed material in
DOM [Zsolnay et al., 1999], ﬂuorescence index (FI) (calculated as the ratio of emission intensity at 470 nm over
the emission intensity at 520 nm at excitation wavelength 370 nm), reﬂects the relative inﬂuence of microbial
versus terrestrial DOM, [Cory and McKnight, 2005], and the freshness index (β/α) (calculated as the ratio of
emission intensity at 380 nm over the maximum emission intensity between 420 and 436 nm at excitation
wavelength of 310 nm) [Parlanti et al., 2000], where β represents the more recently derived DOM compared
to the more decomposed fraction in α. We also measured SUVA254, deﬁned as the UV absorbance at 254 nm
divided by the DOC concentration [Weishaar et al., 2003]. SUVA254 has been shown to be positively correlated with DOM aromaticity [Traina et al., 1990].
It should be noted that due to sample contamination in the lab, we were only able to process seven samples
from the ﬁeld stations. In particular, we present data from one wet station (Site 2) and one dry station (Site 3)
collected near peak river discharge. These results were compared to data from the leaching experiment
described above.
2.7. CO2 and CH4 Flux Estimates
Gas ﬂuxes were not directly measured but were empirically derived using the measured concentrations of
both CO2 and CH4 according to equation (1):

 
Flux mM m2 d1 ¼ ½gaswater  ½gasatm equilibrium  k gas
(1)
where, the [gas]water and [gas]atm equilibrium are in μmol L1 and kgas is the gas transfer velocity in m d1.
Concentrations of each gas were measured as described above and converted to μmol L1 using Henry’s
law and the empirically derived Bunsen coefﬁcients relating the kinematic viscosity of water and the speciﬁc
diffusivities of both CO2 and CH4 as a function of water temperature [Wanninkhof, 1992]. [gas]atm equilibrium is
the estimated equilibrium concentration of atmospheric CO2 (390 ppm) and atmospheric CH4 (1.8 ppm),
respectively. kCO2 was calculated using the empirically derived value of k600 [Raymond et al., 2012]. k600
is the temperature normalized gas transfer coefﬁcient to a Schmidt number of 600, from which the
kCO2 can be estimated based on the temperature dependencies of CO2 found in Raymond et al. [2012].
k600 can be predicted as a function of both slope and velocity of a river reach [Raymond et al., 2012, equation (5)] according to equation (2):
k 600 ¼ ðV  SÞ  2841 ± 107 þ 2:02 ± 0:21

(2)

1

where, V is water velocity in m s and slope is unitless as percent. Velocity was not directly measured at the
time of each sampling; however, discharge was. In order to estimate water velocity, we utilized the log
relationship between discharge and river velocity according to equation (3):
V ¼ AQb
(3)
where, A is the empirically derived coefﬁcient and b is the exponent of the relationship between velocity
V in m s1 and discharge Q in m3 s1 [Leopold and Maddock, 1953; Raymond et al., 2012]. This relationship was derived from 542 individual measurements of water discharge and velocity (relationship not
shown r2 = 0.49; P < 0.001) [Raymond et al., 2012]. The relationship and scaling coefﬁcients are presented
in equation (4):

V m s1 ¼ e0:285 ± 0:0091 ln Q1:64
(4)
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Figure 2. Concentrations of dissolved (a) CO2 and (b) CH4 in the Colorado River at rising (triangle), peak (circle), and falling
discharge (square) at Sites 1–5 and 13 km upstream of the Morelos Dam (green line).

Slope was calculated from 1 m resolution bare earth surface elevation data from the National Elevation
Dataset (http://ned.usgs.gov/; http://nationalmap.gov/viewer.html, 2015). Elevation data were converted
to percent slope for the entire southern region of the Colorado delta using ArcGIS 10.3 (Environmental
Systems Research Institute, Redland, CA). Individual slope estimates were extracted for each of the ﬁve
sampling locations. Then, k600 was converted to kgas using the polynomial ﬁt between water temperature
and the Schmidt numbers for CO2 and CH4 and the derived k600 above according to equation (5):


Sc CO2 0:67
 K 600
(5)
k CO2 ¼
600
where, the Schmidt number is unitless and K600 is in m d1. We used a similar approach to estimate
kCH4; however, we assumed that since methane concentrations were taken at the same time as carbon
dioxide, that kCH4 was a function of the ratio of the diffusivities of both CO2 and CH4 similar to [Striegl
et al., 2012] where


k CH4
ScCH4 0:67
¼
(6)
k CO2
ScCO2
The exponent of 0.67 represents moderate turbulence under ﬁeld measurement conditions that will drive
gas exchange along the continuum between estimates based on a thin ﬁlm versus surface renewal model
[Jähne et al., 1987]. Total gas ﬂuxes are then calculated according to equation (1). All estimates of standard
deviation for both the ﬂuxes of CO2 and CH4 represent the error associated with the empirically derived
equations to estimate k600 and velocity, as well as the propagation of ± 1 standard deviation of the measured
gas concentrations.
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2.8. Statistical Analyses and Study Limitations
Unpaired Welch’s t tests were performed to detect statistically signiﬁcant differences between wet and dry
sites, and different hydrological periods. In some cases, data coverage was not adequate to perform a robust
statistical analysis due to the limitations of our sampling scheme. Also, it should be noted that GHG evasion
rates were not directly measured but estimated based on calculations of potential gas transfer velocities
(equation (2)). Turbulence associated with the rewetting of the delta may not be accurately predicted from
the empirical approach here, which may bias our gas transfer rates toward laminar ﬂow characteristics under
very low slope conditions.

3. Results
3.1. Hydrological Pathways During Pulse Flow
Peak discharge values decreased from Sites 1–5, with peak discharge occurring at Site 5 2 days after Site 1
(Figure 1). An estimated 92% (122 Mm3) of the pulse ﬂow inﬁltrated into the ground with only about 1%
being consumed via evaporation [Flessa et al., 2014]. Some of the inﬁltrated water is believed to have been
captured by groundwater pumping and evapotranspiration. We estimate that about 7% (10 Mm3) of the
pulse ﬂow made it the roughly 90 km from the Morelos Dam to the coast during this experimental release
[Flessa et al., 2014]. To our knowledge, no other surface water was withdrawn from the river during the
pulse ﬂow.
3.2. CO2 and CH4 Concentrations
Dissolved CO2 concentrations at the wet sites (Sites 1 and 2) ranged from 2087 to 3121 ppm (mean = 2621
± 400 ppm) and at the dry sites ranged from 1264 to 4190 ppm (mean = 2956 ± 881 ppm) (Figure 2a and
Table 1). The difference between wet and dry sites was not signiﬁcant (p = 0.27). pCO2 was highest in the
wet sites during peak discharge, whereas pCO2 was highest in the dry sites during rising discharge.
Maximum pCO2 values were highest at Site 3 during rising discharge (4190 ppm), decreasing at Sites 4
(3823 ppm) and 5 (3618 ppm) during the rising phase of the hydrograph, and higher than observed at the
CR end-member site above the dam at Yuma. Likewise, the lowest dissolved O2 concentrations were
observed during the rising hydrograph at Site 3 (63.3%), increasing to 78.2% and 82.5% at Sites 4 and 5,
respectively (Table 2). The concentration of DIC increased similarly to pCO2; however, DIC had a slightly
delayed response relative to pCO2 (Figure 3 and Table 2).
Methane concentrations at dry Sites 3–5 were signiﬁcantly lower than levels observed at wet Sites 1 and 2
(p < 0.01) (Figure 2b and Table 1). A cross-site comparison for each sampled time point shows a decreasing
trend downstream. Methane concentrations at the dry sites consistently decreased throughout the event and
reached levels below values observed at the Yuma Site above the dam (e.g., 4.1 ppm at Site 3 during the
falling stage of the hydrograph).
3.3. CO2 and CH4 Fluxes
The ﬂux of CO2 from the river to the atmosphere upstream of the Morelos Dam at Yuma was estimated to be
233 ± 27 mmol m2 d1. The ﬂux of methane was estimated to be 0.4 ± 0.1 mmol m2 d1 at Yuma (Table 1).
Overall, the highest ﬂuxes of both CO2 and CH4 were observed during peak discharge at each site with the
exception of Site 4 where both concentration and ﬂuxes were highest during the rising portion of the hydrograph. Site 4 exhibited the highest ﬂux of CO2 at 347 ± 45 mmol m2 d1, but this did not correspond with
the highest ﬂuxes of CH4. In general, CO2 ﬂuxes increased with water ﬂow and then decreased with decreasing river discharge (Table 1).
CH4 ﬂuxes were not correlated with peak ﬂow across all sites. The highest estimates of CH4 ﬂuxes were
observed at Site 1 near the Morelos Dam during the initial increase inﬂow (2.6 ± 0.3 mmol m2 d1). Under
peak ﬂow conditions CH4 ﬂuxes decreased and continued to recede under falling conditions. At all sites
except Site 5 the highest CH4 ﬂuxes were identiﬁed during the rising limb of the hydrograph prior to peak
ﬂow conditions. The majority of measurements taken below the Morelos dam showed higher estimated
ﬂuxes of CH4 than upstream at Yuma with the exception of Site 3 during falling water conditions
(0.2 ± 0.1 mmol m2 d1) and under all conditions at Site 5 where CH4 ﬂuxes remained well below Site 0,
ranging from 0.2 ± 0.0 to 0.4 ± 0.1 mmol m2 d1.
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Rising
Rising
Peak
Falling
Falling

Rising
Rising
Peak
Falling

25 Mar 2014
29 Mar 2014
31 Mar 2014
17 Apr 2014
18 Apr 2014

28 Mar 2014
29 Mar 2014
31 Mar 2014
17 Apr 2014

0
7
30
8

0
50
70
7
4

9
77
65
66
7
0

20
55
95.2
6
5

Standard deviations are in parentheses.

Rising
Peak
Falling
Falling
Falling
Falling

25 Mar 2014
31 Mar 2014
1 Apr 2014
2 Apr 2014
17 Apr 2014
18 Apr 2014

a

Rising
Rising
Peak
Falling
Falling

24 Mar 2014
26 Mar 2014
30 Mar 2014
17 Apr 2014
18 Apr 2014

38.4
119
93.9
7.6
4.4

Rising
Peak
Falling
Falling
Falling

24 Mar 2014
29 Mar 2014
1 Apr 2014
17 Apr 2014
18 Apr 2014

Discharge
3 1
(m s )

21.9

Flood
Stage

27 Mar 2014

Date

0 (0.01)
0.55 (0.02)
0.69 (0.04)
0.56 (0.03)

0 (0.01)
0.74 (0.05)
0.78 (0.05)
0.55 (0.02)
0.5 (0.02)

0.57 (0.03)
0.79 (0.05)
0.77 (0.05)
0.78 (0.05)
0.55 (0.02)
0 (0.01)

0.64 (0.04)
0.75 (0.05)
0.82 (0.06)
0.54 (0.02)
0.52 (0.02)

0.71 (0.04)
0.85 (0.06)
0.82 (0.06)
0.56 (0.03)
0.51 (0.02)

0.65 (0.04)

Velocity
1
(m s )

0.03
0.03
0.03
0.03

0.04
0.04
0.04
0.04
0.04

0.02
0.02
0.02
0.02
0.02
0.02

0.01
0.01
0.01
0.01
0.01

0.03
0.03
0.03
0.03
0.03

0.03

Slope
(%)

3618 (47)
3025 (106)
2576 (53)
1516 (4)

3823 (114)
3596 (105)
2989 (46)
2528 (906)
n.d.

4190 (101)
3340 (21)
3001 (3)
1264 (35)
2102 (754)
n.d.

2302 (26)
2087 (25)
3121 (16)
2989 (48)
2823 (992)

2113 (38)
2827 (73)
2709 (89)
n.d.
n.d.

2831 (42)

pCO2
(ppm)

k600
1
(m d )
55.5 (5.2)
69 (6.8)
81.8 (9)
79 (8.5)
n.d
n.d
22.2 (2.1)
25.6 (2.6)
27.7 (3)
18.8 (1.6)
18.3 (1.5)
40.7 (3.5)
55.9 (5.9)
54.5 (5.7)
54.7 (5.7)
39.2 (3.3)
n.d
2 (3.3)
93 (9.5)
97.9 (10.3)
69.1 (5.7)
n.d
2 (2.3)
46.8 (3.9)
58.1 (5.6)
47.7 (4)

pCH4
(ppm)
Site 0
6 (0.4)
Site 1
32 (0)
14 (0.2)
9 (0.5)
n.d.
n.d.
Site 2
26 (0.2)
13 (0.2)
11 (0.2)
25 (0.7)
23 (8)
Site 3
12 (0.4)
8 (0.2)
8 (0.4)
4 (0.3)
8 (1.9)
n.d.
Site 4
8 (1)
7 (0.2)
7 (0.5)
8 (2)
n.d.
Site 5
8 (0.4)
5 (0.9)
5 (0.1)
5 (0.1)

1.1 (1.3)
48.1 (4)
59.7 (5.8)
53.9 (4.5)

2.2 (3.5)
91.4 (9.3)
97.6 (10.2)
74.5 (6.2)
n.d

40.3 (3.4)
54.2 (5.7)
53 (5.5)
55 (5.7)
43.9 (3.6)
n.d

21.9 (2)
25.1 (2.6)
27.3 (2.9)
19.6 (1.6)
10.3 (0.8)

67.8 (6.7)
78.4 (8.6)
76.9 (8.3)
n.d
n.d

53.1 (5)

kCO2
1
(m d )

a

285 (392)
4808 (593)
4955 (600)
2067 (182)

270 (668)
11720 (1577)
9975 (1225)
5717 (2895)
n.d

6066 (680)
6499 (734)
5607 (591)
1869 (270)
2583 (1352)
n.d

1668 (179)
1711 (201)
2978 (339)
1899 (193)
1937 (948)

4671 (567)
7873 (1104)
7207 (1056)
n.d
n.d

5355 (594)

CO2 Flux
2 1
(mmol m d )

Table 1. CO2 and CH4 Flux Estimates and Corresponding Gas Transfer Velocities During the Colorado River Minute 319 Flow Restoration Event

1.1 (1.3)
47.2 (3.9)
58.6 (5.7)
52.7 (4.4)

2.1 (3.5)
89.8 (9.1)
95.8 (10.1)
73 (6)
n.d

39.6 (3.4)
53.3 (5.6)
52.1 (5.4)
54 (5.6)
42.9 (3.6)
n.d

21.5 (2)
24.7 (2.5)
26.8 (2.9)
19.2 (1.6)
10.3 (0.8)

66.6 (6.6)
77.1 (8.5)
75.6 (8.2)
n.d
n.d

52.2 (4.9)

kCH4
1
(m d )

0.4 (0.9)
4.5 (1.7)
6.1 (0.7)
5.2 (0.6)

0.5 (2.4)
17.3 (2.3)
16.6 (3.3)
15 (6.1)
n.d

14.7 (1.8)
11.7 (1.6)
10.9 (1.9)
4.3 (1)
8.1 (3.3)
n.d

18.4 (1.9)
9.4 (1.1)
8.4 (1.1)
15.1 (1.7)
12.6 (5.8)

71.7 (7.1)
33.4 (4.2)
19.6 (3.5)
n.d
n.d

8.4 (1.6)

CH4 Flux
2 1
(mmol m d )
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Rising

Peak

Peak
Peak

Falling

Rising
Rising

Peak
Falling
Falling

Rising
Rising

Peak
Falling

25 Mar 14

31 Mar 14

1 Apr 14
2 Apr 14

17 Apr 14

25 Mar 14
29 Mar 14

31 Mar 14
17 Apr 14
18 Apr 14

28 Mar 14
29 Mar 14

31 Mar 14
17 Apr 14

1086
1132

1063

1083
1237

1051
1065

1148

1092
779

1086

1093

1086
1288

1087
1058

91.4
120.9

82.5

82.2
91.9

78.2
68.2

106.8

77.4
108.4

71.0

63.3

77.5
78.6

85.3
84.0

79.5
83.3
91.5

88.9

83.0

Dissolved O2
(% Saturation)

Shading indicates periods of peak river ﬂow.

Peak
Falling
Falling

30 Mar 14
17 Apr 14
18 Apr 14

a

Rising
Rising

Peak
Falling
Falling
Falling

29 Mar 14
1 Apr 14
17 Apr 14
18 Apr 14

24 Mar 14
26 Mar 14

1077

Rising

24 Mar 14

1066
1067
1174

1020

Speciﬁc Condition
1
(μS cm )

27 Mar 14

Date

Flood
Stage

29.9

16.1

33.5

17.5

13.1

29.1

22.8

22.4

27.9
16.0

27.7

19.0

DIC
1
(mg L )

1080
880

7.1
7.2
7.6

945

7.6

6.8
4.3

7.3
6.8

1020

6.5
7.3

5.1
5.8
4.1

7.6

Site 5

790

7.4
8.5

4.9
6.4

3.9

7.4

985

6.9

6.7

7.6
7.1
Site 4

Site 3
930

8.0
5.6

4.9
3.4
5.1

915

7.3
8.5

5.0
3.7
4.2
3.9

4.0

5.1

3.6
4.3

7.8
7.5

a

DOC
1
(mg L )

7.0
6.9

Site 2

Site 1
900

Site 0

DI C Age
(Year BP)

14

7.0

δ C-DIC
(‰; VPDB)

13

Table 2. Bulk Geochemical Parameters Measured During the Colorado River Minute 319 Flow Restoration Event

26.228
26.750

25.814
25.713

26.556
28.463
25.107

250
525

1,040

150
505

170
1,370

2,870

25.262
26.814
26.144

1,140

345

320

285

420
310

290
1,990
685

1,710

190

14

DO C Age
(Year BP)

26.127
26.717

26.705

27.677

23.794

26.510

25.308
23.557

26.401
26.034
26.338
23.996

23.601

25.251

13

δ C-DOC
(‰; VPDB)

0.62

0.44
0.48

0.44

1.03
0.2

0.36
1.43

0.33

0.23

0.3

0.27
0.23

0.18
0.33

0.23

0.45

POC
1
(mg L )

6.6

7.6
4.6

5.6

3.4
9.0

8.1
6.1

5.5

7.7

24.0

3.6
5.9

8.2

7.7

%
OC

29.5

27.8
27.5

29.1
30.0

28.7
28.3

29.2

28.0

26.8

27.7

28.7
27.9

27.4
28.0

31.2

29.1

13

δ C-POC
(‰; VPDB)

7.7

6.9
7.8

7.1

7.2
7.0

7.6
7.4

7.0

6.8

7.9

9.3
7.9

7.5
6.9

9.6

7.9

Particulate
C:N Ratio
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Figure 3. (a) DIC concentrations, (b) δ C-DIC, and (c) radiocarbon age of DIC, in the Colorado River at rising (triangle),
peak (circle), and falling discharge (square) at Sites 1–5, 13 km upstream of the Morelos Dam (green line), and in sandy
sediment collected from the dry riverbed at Site 3 (red line).

3.4. Concentration; Source; and Age of Riverbed Sediment, DOC, DIC, and POC
Sediment (sand) from the dry riverbed was sampled at one location near Site 3, which had similar visual characteristics as the sediments found at the other dry sites. This sediment had a %OC of 0.07 ± 0.04% (n = 7) with
a %TN of 0.01 ± 0.005% (n = 7), resulting in a low C:N ratio of ~7 (Figure 4). The bulk radiocarbon age of OC in
this sandy riverbed sediment was found to be ca. 875 years old with a δ13C value 25.9‰. Interestingly, after
leaching this riverbed sand for 24 h with constant vigorous mixing we observed a marked increase in
the color of water, indicative of inputs of CDOM, and a change in the initial DOC concentration of added
Milli-Q water (0.17 mg L1) to a concentration of 5.54 mg L1. Based on an average of 0.07% OC of the
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Figure 4. (a) POC concentrations, (b) δ C-POC, and (c) the molar C:N ratio of particulates (C), in the Colorado River at
rising (triangle), peak (circle), and falling discharge (square) at Sites 1–5, 13 km upstream of the Morelos Dam (green
line), and in sandy sediment collected from the dry riverbed at Site 3 (red line).

sediment used in the leaching experiment, we estimated that 16.3% of the OC was leached into the water
over the 24 h period.
DOC concentrations were signiﬁcantly lower (p < 0.01) and less variable at the wet sites compared to the dry
sites with mean concentrations of 4.20 ± 0.59 and 5.70 ± 1.15 mg C L1 at Sites 1 and 2 and 3–5, respectively
(Figure 5a and Table 2). DOC concentrations at the dry sites were also higher than source waters observed at
the Yuma Site upstream of the dam (not adequate data to test signiﬁcance). For example, DOC concentrations reached a maximum of 7.25 mg C L1 during the rising hydrograph at Site 5 compared to
5.06 mg C L1 at the Yuma Site and 5.09 mg C L1 at Sites 1 and 2 (Table 1). DOC concentrations were not
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Figure 5. (a) DOC concentrations, (b) δ C-DOC, and (c) radiocarbon age of DOC, in the Colorado River at rising (triangle),
peak (circle), and falling discharge (square) at Sites 1–5, 13 km upstream of the Morelos Dam (green line), and in the
particulate phase of sandy sediment collected from the dry riverbed at Site 3 (red line).

only signiﬁcantly lower (p < 0.00) across all sites during falling water compared to rising and peak stages but
also responded differently across wet and dry sites. For example, DOC concentrations only decreased from
4.18 to 3.92 mg C L1 during falling water at Site 1, whereas DOC concentrations decreased by 2.93, 1.77,
and 2.46 mg C L1 at Sites 3, 4, and 5 during the falling hydrograph, respectively (Table 2).
The isotopic 13C signature of DOC was signiﬁcantly more depleted (p < 0.02) at dry Sites 3–5
(mean = 26.4 ± 0.9‰) relative to wet Sites 1 and 2 (mean = 25.1 ± 1.3‰) (Figure 5b and Table 2). The
isotopic 13C signature of DOC was also more depleted during the peak hydrograph at the dry stations than
the Yuma Site above the dam (not adequate data to test signiﬁcance), indicating inputs from vascular
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Table 3. Stable Isotopic Compositions and Carbon to Nitrogen Ratios for
Vascular Plant End-Members Collected in the Lower Colorado Basin
13

Sample
Tamarix spp.
Populus fremontii
Prosopis pubscens
Salix goodingii
Larrea tridentata

Δ C (‰VPDB)

Molar C:N Ratio

27.3
31.1
31.1
29.9
27.6

27.4
57.5
35.2
58.7
34.4

10.1002/2016JG003555

plant-derived DOC during the ﬂooding event. These DOC isotopic
values were similar to the δ13C
values of the dry riverbed sediment
(26.6‰) (Figure 5b) and signiﬁcantly more enriched (p < 0.00) than
the local plant end-members collected throughout the study region
(range = 27.7 to 31.1‰; Table 3).

DOC age was generally greater at both wet and dry sites compared to the DOC age of water collected at the
Yuma Site above the dam (Figure 5c and Table 2). The DOC age at wet Site 1 ranged from 290 to 1990 years
old, while dry Sites 3–5 ranged from 150 to 2870 years (Table 2). Unfortunately, we were not able to obtain a
DOC age for Site 2 due to sample loss. However, the age of the OC found in the dry sandy sediment bed from
Site 3 (ca. 875 years old) is within the range of observed DOC ages. Water sampled upstream of Morelos Dam
at Yuma had a DOC age of 190 years old.
There was no signiﬁcant difference (p = 0.87) between DIC values in pulse waters in wet versus dry sites, with
concentrations ranging from 13.1 to 33.5 mg L1 (Figure 3a and Table 1). Although there was no adequate
data coverage to calculate signiﬁcance, average DIC concentrations in pulse waters were higher than the
DIC concentration above the dam at Yuma (23.3 ± 6.8 and 19.1 mg L1, respectively) during the peak hydrograph. The δ13C values of DIC across all sites ranged from 8.5 to 6.8‰ and did not differ signiﬁcantly
(p = 0.33) across wet and dry sites or at different ﬂow periods (Figure 3b and Table 2). The age of DIC was less
variable than DOC and ranged from 790 to 1080 years old (Figure 3c and Table 2). Although DIC measurements were sparse, ages appeared to vary similarly to DOC ages, suggesting that the remineralization of
mobilized substrates may have been an important source of DIC (e.g., CO2).
POC concentrations ranged from 0.2 to 1.4 mg L1 and were signiﬁcantly lower (p < 0.04) and less variable at
wet Sites 1 and 2 compared to dry Sites 3–5 (Figure 4a and Table 2). The wet sites also had signiﬁcantly lower
POC concentrations than those observed at the above dam Yuma Site. POC concentrations decreased during
peak discharge at Site 1 and subsequently increased during falling water. For Sites 2 and 5, POC concentrations increased during peak discharge when compared to the rising point. The δ13C values of POC across
wet and dry sites were not signiﬁcantly different (p = 0.99). Average values for wet and dry sites were
28.5 ± 1.0‰ and 28.5 ± 1.4‰, respectively (Figure 4b and Table 2). The average molar C:N ratio of particulate organic matter (POM) was 8.2 ± 1.1 at Sites 1 and 2 and 7.3 ± 0.4 at Sites 3–5 (Figure 4c and Table 2). The
C:N ratio was signiﬁcantly lower (p < 0.05) in POM at the dry sites than the wet sites and the above the dam
Yuma Site during the ﬂood. C:N ratios decreased from 9.6 to 6.9 at Site 1 throughout the ﬂooding event,
which was the only site with data coverage at rising, peak, and falling discharge.
3.5. Lignin Biomarkers
The average concentration of the eight standard dissolved lignin phenols (Σ8) was signiﬁcantly higher
(p < 0.01) at Sites 3–5 (70.3 ± 42.7 μg L1) than at Sites 1 and 2 (12.8 ± 6.2 μg L1) (Table 4). Carbonnormalized dissolved lignin concentrations (Λ8) showed the same trend with average values of
1.32 ± 0.55 mg 100 mg DOC1 and 0.31 ± 0.15 mg 100 mg DOC1 at Sites 3–5 and Sites 1 and 2, respectively
(Table 4). The lowest Λ8 values were observed at Site 1 near the Morelos dam throughout the entire ﬂooding
period (p < 0.01) and were lower than values observed upstream at Yuma (Table 4). The ratio of vanillic acids
to aldehydes (Ad/Alv) generally increases with a higher degree of lignin decay [Hedges and Mann, 1979].
Average Ad/Alv ratios were not signiﬁcantly different (p = 0.25) across wet and dry sites; however, lower average Ad/Alv ratios were observed at Sites 1 and 2 (0.95 ± 0.88) compared to Sites 3–5 (1.61 ± 0.80) (Table 4).
3.6. Spectroﬂuorometric Indices
The contour plots of EEMs spectra showed signiﬁcant (p = 0.00) differences for the riverbed leachate and the
water samples at Sites 2 and 3 (Figure 6). All contour plots exhibited Peak M, which has been correlated with
DOM from agricultural environments (Table 5) [Stedmon and Markager, 2005]. However, the natural water
samples had lower ﬂuorescence intensities (0.23 and 0.24 RU for Sites 2 and 3, respectively) than that of
the riverbed sand leachate (1.18 RU) (Figure 6 and Table 5), which indicates lower DOM concentrations in
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Rising
Rising
Peak

Rising
Rising
Peak

25 Mar 14
29 Mar 14
31 Mar 14

28 Mar 14
29 Mar 14
31 Mar 14

101.1
160.1
78.2

72.4
78.7
15.7

33.5

79.8

65.3
17.7

21.4

1.55
2.21
1.16

1.49
1.23
0.31

1.81

0.96

1.17

0.50

0.17
0.22

0.33

1.08

Dissolved λ8
1
(mg 100 mg DOC )

2.06
2.84
1.48

2.11
1.96
0.18

2.05

1.19

1.69
0.51

1.78

0.19
0.19

1.65

2.03

Ad/Alv

0.72
1.28
0.53

0.95
0.81
0.38

0.83

0.74

0.55
0.08

0.74

0.15
0.15

0.62

0.63

Ad/Als

0.29
0.85
0.31

0.28
0.37
0.22

0.79

0.41

0.39
0.13

0.31

0.15
0.15

0.38

0.43

C/V

2.73
4.68
4.41
0.85

5.39
12.46
3.78

1.64
Site 4
0.99
1.39
0.85
Site 5
1.35
1.72
1.58

5.02

4.91
1.14

Site 3
1.34
0.66
1.36

2.16

Site 2
0.66

0.95

Site 1
1.19
0.30
0.30

4.58

Site 0
1.49

0.71
0.71

CAD
1
(μg L )

S/V

a

5.61
25.77
4.50

4.17
6.20
0.81

5.01

6.81

4.37
0.13

1.25

0.39
0.39

1.02

3.48

FAD
1
(μg L )

14.43
30.19
10.57

10.25
12.81
0.96

4.96

11.69

8.16
0.34

2.31

0.19
0.19

1.63

7.41

SAD
1
(μg L )

19.99
23.56
19.88

10.83
15.78
2.51

5.97

15.88

14.77
4.34

3.14

1.30
1.30

2.65

11.72

SAL
1
(μg L )

17.34
23.35
12.32

10.49
11.05
2.98

5.05

11.60

9.21
1.88

1.69

1.69
1.69

1.85

8.78

SON
1
(μg L )

20.74
26.84
13.20

17.45
15.83
0.47

5.15

12.47

11.90
2.46

5.07

0.32
0.32

2.46

10.30

VAD
1
(μg L )

10.07
9.47
8.94

8.25
8.10
2.61

2.51

10.50

7.04
4.79

2.86

1.70
1.70

1.50

5.08

VAL
1
(μg L )

7.50
8.48
4.99

6.29
4.52
4.50

2.12

5.86

4.96
2.65

2.90

2.46
2.46

1.21

3.35

VON
1
(μg L )

Designations for individual phenols are as follows: p-hydroxycinnamic acid (CAD), ferulic acid (FAD), syringic acid (SAD), syringealdehyde (SAL), acetosyringone (SON), vanillic acid (VAD), vanillin
(VAN), and acetovanillone (VON). Shading indicates periods of peak river ﬂow.

a

Peak

Falling

Rising
Peak

25 Mar 14
1 Apr 14

17 Apr 14

Rising

26 Mar 14

2 Apr 14

Peak
Falling

29 Mar 14
1 Apr 14

8.3
8.3

13.3

Rising

24 Mar 14

Dissolved Σ8
1
(μg L )

54.7

Flood
Stage

27 Mar 14

Date

Table 4. Dissolved Lignin Phenol Abundance During the Colorado River Minute 319 Flow Restoration Event
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Figure 6. Contour plots of excitation and emission matrices for (a) Site 2, (b) Site 3, and (c) a leachate prepared from the sediment from the dry riverbed at Site 3.
Fluorescent dissolved organic matter exhibits separate peaks at known wavelengths; Peaks C (Exmax/Emmax = 320–365/420–470 nm) and M (Exmax/Emmax = 290–
310/370–420 nm) have been assigned as humic-like ﬂuorescence, while Peak T (Exmax/Emmax = 275/340–350 nm) has been assigned as protein-like ﬂuorescence
[Coble et al., 2014]. Similarities between the three EEMs suggest that the DOM in the natural water (Sites 2 and 3) was in part derived from riverbed sands (leachate).

the natural water samples. Additionally, the contour plot for the sand leachate revealed a protein-like peak
(Peak T) indicative of a microbial source and a humic-like peak (Peak C) representing high-molecular
weight and aromatic DOM (Figure 6c and Table 5). Lastly, the contour plot for Site 3 showed a reduction of
Peak M (Peak AM:Peak M > 2) indicative of DOM that has been photodegraded [Coble, 1996] (Table 5).
Values of EEMs indices in the riverbed leachate and at Sites 2 and 3 showed some differences and
similarities. For example, the riverbed leachate had lower (β/α) values (0.68) than Sites 2 and 3 (0.83 and
0.80), respectively, while the leachate had a signiﬁcantly higher (p < 0.01) HIX (4.24) and FI (1.78) than Sites
2 and 3 (2.78 and 2.75) and (1.59 and 1.54), respectively (Table 5). Consistent with this trend in
humiﬁcation, there was also a higher SUVA254 in the riverbed leachate (4.62) than at Sites 2 and 3 (2.35
and 2.51), respectively.

4. Discussion
4.1. Implications for GHG Emissions
Although initial concentrations of dissolved CO2 upstream of the dam were high relative to other large U.S.
rivers, which range from 1575 to 2980 ppm across stream orders 7–10 [Butman and Raymond, 2011], our
observations of increased concentrations downstream of the dam during the ﬂooding event suggests that
a rapid pulse of CO2 was either mobilized into the river as the dry riverbed was ﬂooded and/or in situ CO2
production due to heterotrophic microbial activity was enhanced during the early ﬂooding stages. Under
peak ﬂow speciﬁcally, large increases in CO2 were identiﬁed at Sites 2–4, while at Site 1 concentrations were
very close to those observed above the dam. This is to be expected as ﬂow was near laminar through the dam
gates by this time and the distance between the water above the dam and Site 1 was less than 500 m.
Water inﬁltration is one mechanism that can enhance the ebullition of CO2 and CH4 from the dry riverbed by
creating a positive pressure below the stored GHG zone since the majority, ~ 80% [Daessle et al., 2016b] to
92% [Flessa et al., 2014], of the water in the pulse ﬂow inﬁltrated into the riverbed and the surrounding ﬂoodplain. We observed gas bubbling at the ﬂow’s front along the dry riverbed (i.e., ebullition); however, direct gas
measurements of the bubbles were not performed. The observation of a pulse in CO2 during initial ﬂooding is
a

Table 5. Optical Indices, SUVA254, and Peak Parameters of Chromophoric Dissolved Organic Matter During the Colorado River Minute 319 Flow Restoration Event
Peak M

Indices

Site 2 (wet)
Site 3 (dry)
Site 3 (leachate)

Peak C

Peak T

Date

FI

β/α

HIX

SUVA254

Fmax (RU)

Exmax/Exmax)

AM:M

Fmax (RU)

Exmax/Exmax)

Fmax (RU)

Exmax/Exmax)

26 Mar 14
2 Apr 14
17 Apr 14

1.59
1.54
1.78

0.83
0.80
0.68

2.78
2.75
4.24

2.35
2.51
4.62

0.24
0.23
1.18

305/410 nm
310/412 nm
295/412 nm

2.08
2.30
1.76

N/A
N/A
0.74

N/A
N/A
340/438 nm

N/A
N/A
0.73

N/A
N/A
275/336 nm

a

Fluorescence intensities (Fmax) and peak positions (Exmax/Emax) of ﬂuorophores in EEMs for wet station (Site 2), dry station (Site 3), and leachate (Site 3). Peak
nomenclature for ﬂuorophores as described by Coble et al. [2014].
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consistent with previous studies in arid and semiarid regions [Austin et al., 2004; Cable and Huxman, 2004;
Sponseller and Fisher, 2008; Haverd et al., 2013; Acuña et al., 2014; Gallo et al., 2014; von Schiller et al., 2014].
These studies attributed rapid CO2 pulses to both physical displacement of gases that have accumulated
within the soil proﬁle following previous wetting events [Kim et al., 2012] and rapid increases in microbial
metabolism [Sponseller, 2007]. These types of perturbation events in arid regions such as the southwestern
U.S. are likely to have an even more signiﬁcant impact on total annual stream and lake carbon ﬂuxes (carbon
ﬂux = ∑total stream emissions + lateral ﬂux + lake and reservoir emissions  lake and reservoir burial), because
the annual carbon ﬂuxes are normally very low. In fact, the southern portion of the arid Colorado River Basin
represents the lowest in the United States (range = 0.5–1.6 Tg C yr1) [Butman et al., 2016]. Interestingly,
the highest carbon ﬂuxes, also in an arid region (the eastern Columbia River Basin), had a maximum range
of 6.9–17.7 Tg C yr1; however, these ﬂuxes are controlled predominantly by the high concentrations of
inorganic carbon and high gas transfer velocities in areas with steep topography. Moreover, arid regions in
the U.S. that have a large river system like the Columbia and Colorado rivers typically have carbon burial rates
that exceed CO2 emissions by as much as 900% [Butman et al., 2016].
Although we are unable to produce a mass ﬂux estimate for the entire pulse ﬂow event, our calculated CO2
and CH4 ﬂuxes are low relative to other U.S. rivers [Butman et al., 2016]. Across all measurements we show
that the Colorado River delta emitted between 84 ± 12 to 347 ± 42 mmol m2 d1 CO2 from the surface of
the water to the atmosphere during the ﬂooding event. These values are smaller than other large river studies
[Richey et al., 2002; Dubois et al., 2010; Humborg et al., 2010; Butman and Raymond, 2011; Striegl et al., 2012;
Raymond et al., 2013]. There are a number of factors that could be contributing to these small ﬂuxes. Our estimates for the rate of gas transfer (kCO2 and kCH4) (Table 1) are very low under all conditions of rising and peak
discharge. One critical variable to estimate the gas transfer velocity is an estimate of river slope. Where measurements were taken in the lower portion of the Colorado, slope values ranged from 0.01 to 0.04% whereas
river slope for the main stem of the Colorado within the conterminous U.S. averages nearly 1%, 2 orders
of magnitude greater. Slopes values this low are near the limit of the gas transfer velocity equation in
Raymond et al. [2012]. In particular, under these circumstances, the river system is near laminar ﬂow. We suspect that in situ ﬂux estimates would produce higher estimates of GHG emission due to the concentrations
observed; however, those are unavailable. In addition, the use of equation (2) to estimate k600 based upon
slope and velocity only explains half of the variability in the ﬁtted values presented in Raymond et al.
[2012]. This level of uncertainty, although carried through the equations, may produce erroneously low
estimates when approaching the tail of the model ﬁt.
CH4 ﬂuxes calculated here (0.2 to 2.6 mmol m2 d1) are within the lower end of the range of diffusive
ﬂuxes presented in a recent review (10.4 to 432 mmol m2 d1) [Stanley et al., 2016]. In all measurements
CH4 was a source to the atmosphere, and in nearly all cases the magnitude of the CH4 ﬂux exceeded the
estimate for water prior to entering the ﬂooded delta. Site 1 showed the largest ﬂuxes of CH4 most likely
as a function of the established wetlands downstream of the Morelos Dam while by the time the pulse
reached Site 5 nearly 40 km away, CH4 concentrations and ﬂuxes diminished below those found above
the dam. This is consistent with the diminished inﬂuence of saturated wetland conditions found near
the dam moving downstream where dry conditions may have allowed the oxidizing of organic carbon
in soils under higher oxygen conditions, reducing CH4 production and hence CH4 dissolution into the
pulse ﬂow. Regardless, more research is needed to better constrain the total mass ﬂux of carbon in gaseous form under rewetting conditions.
The decrease in dissolved oxygen levels from 88.9% to 79.5% atmospheric saturation between the ﬁrst two
sampled time points at Site 1 during rising water suggests that primary production in the pooled water was
not as high as that above the dam prior to ﬂooding and/or respiration rates were higher downstream of the
dam (Table 1). Oxygen levels increased during the ﬁnal stages of falling water at all sites, reaching values as
high as 120.9% at Site 5 suggesting that the rapid pulse of CO2 was followed by enhanced primary productivity in the shallow water column over the previously dry sites as ﬂow velocities and turbidity decreased. This
maintenance of CO2 values lower than above the dam at Site 1 is plausible considering that nutrient levels of
water released from Morelos Dam at the time of the pulse ﬂow had concentrations of NO3, NH4+, PO43, and
SiO2, 20.7 μmol L1, 0.21 μmol L1, 0.26 μmol L1, and 0.24 mmol L1, respectively, with relatively low suspended particulate matter (~ 11 mg L1) [Daessle et al., 2016a]. While these values are not particularly high
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compared to some other highly eutrophic systems such as the Mississippi River there were likely adequate
nutrients present for phytoplankton growth.
The downstream decrease in methane concentrations was most likely a result of dilution and outgassing to
the atmosphere. A simple mechanism for enhanced GHG outgassing rates is an enlargement of the surface
area of the river system as the dry riverbed was ﬂooded. High water turbulence as a result of rapid increases in
discharge is another mechanism that can enhance the emission of dissolved gases to the atmosphere by
increasing gas transfer velocities. Microbial oxidation of methane is another potential mechanism resulting
in the downstream decrease in methane concentrations [e.g., Bastviken et al., 2002]. For example, methane
oxidation has been shown to reduce the overall ﬂux of CH4 to the atmosphere by as much as 96% in the
Amazon River [Sawakuchi et al., 2016]. The saturated and potentially anoxic soil environment of the wetland
ecosystems downstream of Morelos Dam likely supports appreciable levels of anaerobic methane production. Both methanogenic and methanotrophic bacteria have been observed within oxic biological soil crusts
of Israeli desert soils [Angel, 2010]. Thus, it is possible that CH4 production occurred in the wet sites even after
ﬂooding if rapid development of anoxic microsites was possible, along with enhanced availability of metabolizable carbon [Kim et al., 2012].
4.2. Changes in Sources and Age of OC During the Flooding Event
Carbon-normalized dissolved lignin concentrations increased at Sites 4 and 5 during peak discharge with
values exceeding those measured at Site 0 above the dam in Yuma, during peak runoff, indicating that vascular plant OC derived from the surrounding soils and sediments was an important source of OC to the river.
The Morelos Dam is not a storage reservoir so water residence times reﬂect those of the running river portion
of the Colorado River upstream. However, the original source of the pulse ﬂow and the Colorado River at
Yuma is the outﬂows of Lake Mead. Data presented in Butman et al. [2012] suggest that the Colorado River
at the Northern International Boundary has very low SUVA254, a very high Fluorescence Index, and a very
low proportion of hydrophobic organic acids [Butman et al., 2012]. These data suggest organic carbon
sources other than terrestrial inputs that are high in aromatics. Although the Morelos dam does not increase
residence times, water within the Colorado River is inﬂuenced by large reservoirs upstream. The mobilization
of organic carbon from soils and sediments is further supported by the 13C signature of DOC at dry Sites 3–5
(mean = 26.4 ± 0.9‰) and wet Sites 1 and 2 (mean = 25.1 ± 1.3‰), which both reﬂect a C3 terrestrial plant
source (Figure 5b and Table 2). Other work has recently shown that after the pulse there was a pattern of
increasing DOC concentrations with distance downstream during the pulse event in the CR and that
the source of carbon was C3 based on an observed δ13C-DOC range of 24.6 to 26.8‰ [Daessle et al.,
2016a]. Daessle et al. [2016a] sampled farther downstream from the Morelos Dam all the way to the Gulf of
California and attributed the downstream increase in DOC concentrations to inputs of high-DOC water from
the Hardy River, which is highly impacted by intense agricultural activities and pollution [Orozco-Duran et al.,
2015]. However, they also observed increases in DOC concentrations further upstream above where the
Hardy River joins the CR, which may reﬂect in part, lignin-derived inputs from the riverbed and surrounding
ﬂoodplain soils as observed here. Another potential mechanism for downstream increases in DOC concentrations is the concentrating effect of the water being lost due to inﬁltration and evaporation as water ﬂowed
downstream [Saros et al., 2015]. Finally, active leaching from POC derived from litter inputs during the pulse
ﬂow may have also contributed to the increasing DOC downstream, as POC sources clearly reﬂected inputs
from vascular plants in the ﬂoodplain (mean δ13C = 28.5 ± 1.4‰) (Table 3), which also agrees with observations that vascular plants were the dominant source of POC during the pulse ﬂow [Daessle et al., 2016a].
The vascular plant-derived OC that was mobilized from the dry riverbed had a highly degraded signature. We
observed maximal Ad/Alv values at the dry sites during peak runoff (i.e., 2.84 at Site 5), followed by a decrease
(indicative of fresher OC sources) during receding ﬂow (Table 4). However, the dry riverbed was not the only
source of degraded vascular plant material considering that Yuma site had an Ad/Alv ratio of 2.0 during peak
discharge. These results are consistent with observations of a pulse of degraded lignin during peak runoff in
the Paciﬁc Northwest [Ward et al., 2012]. Likewise, aromatic compounds have been shown to be mobilized
from surface soil horizons to rivers based on UV absorbance and ﬂuorescence [Maurice et al., 2002; Hood
et al., 2006]. A decrease in Ad/Alv ratios with time during ﬂooding events has been observed in some temperate settings [Dalzell et al., 2005; Hernes et al., 2008a], which the authors attributed to the erosion and resuspension of less degraded organic matter (OM) in both particles of litter and sedimentary OC. This would
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clearly not be the case for the CR dry watercourse, which has been subjected to high temperature and direct
UV for several decades. Considering that lignin phenols have been shown to be quite reactive in tropical
aquatic settings [Martin et al., 2013; Ward et al., 2013], it is possible that vascular plant-derived OC that was
stable on millennial time scales while stored in the dry riverbed sediments became “activated” upon mobilization into the ﬂoodwaters, potentially contributing to the high CO2 concentrations observed in the dry sites.
It should be noted that sorption/desorption processes also play an important role in shaping phenolic compositions and likely affected our observations to a certain extent [Hernes et al., 2008b].
DOC ages were generally older at and downstream of the Morelos Dam throughout the ﬂood period compared to upstream of the dam at Yuma (Figure 5c). The oldest DOC ages were observed during rising discharge at Sites 1, 4, and 5 and during falling discharge at Sites 1 and 3. The youngest ages were observed
during peak discharge, suggesting that upstream waters were a primary source of DOC during peak ﬂooding
whereas old DOC was mobilized from the landscape during initial ﬂooding and falling discharge. However,
temporal trends in DOC ages were inconsistent across sites, perhaps due to incomplete mixing of the water
column as the ﬂood progressed. The range in age was from modern to 2870 year old, consistent with that
observed in mobilized DOC from other river basins around the world [Butman et al., 2012]. Whereas DOC
became progressively older throughout the ﬂooding at Site 3, DOC ages became younger with falling discharge at Sites 4 and 5 (peak discharge was not sampled). The age of the DIC was similar to the age of the
riverbed sediment and may reﬂect sediment input as well as inputs from deeper groundwater through the
sediments. Other studies also suggest that aged groundwater DOC may be a signiﬁcant source in arid watersheds with relatively low population density along with agricultural inputs. In fact, some studies suggest that
soil disturbances from agricultural practices can destabilize aged soil organic matter [Sickman et al., 2010;
Petrone et al., 2011], which could enhance mobilization under ﬂood conditions. More speciﬁcally, recent work
has suggested that with population growth many watersheds have experienced extensive land use change
from forests to agriculture and urban settings, and that as much as 3.2 to 8.9% of the DOC entering aquatic
systems is derived from an aged carbon source [Butman et al., 2012]. The old ages of DOC in CR during pulse
ﬂow, in part, may reﬂect the effects of a watershed that has experienced such extensive land use change.
Although the ﬂood event only ﬁlled the previously established river channel, it is possible that soils and
groundwater contained appreciable amounts of agricultural-derived DOC that accumulated in the basin
for many years prior to the ﬂooding considering agriculture is one of the dominant land uses in the region
[Congalton et al., 1998].
We postulate that the old DOC radiocarbon signals observed during peak discharge are also in part derived
from a combination of aged dead and living microbial biomass in riverbed sands and remnants of highly
degraded vascular plant material in soils from the ﬂoodplain. Riverbed sand had a C:N ratio of 7.0, which
we suspect is indicative of a mixture of bacterial debris, which typically ranges from 3 to 5 [Bianchi et al.,
2007] and degraded vascular plant detritus from the watershed. The EEMs contour plots and indices also support the notion of a mixed degraded terrestrial/soil and microbial signature (Figure 6 and Table 4). Peak T
found in the sediment leachate is tryptophan like and has been correlated with microbial sources associated
with sewage and agricultural waste in rivers [Baker, 2001, 2002]. While we do not know if this microbial biomass was living or dead, this does support previous work in soils and natural waters on the “stability” of
microbial OM, such as microbial components of dissolved organic nitrogen (e.g., peptidoglycan remains)
found in soils [Frostegård and Bååth, 1996] and deep ocean waters, that can remain in ecosystems for long
periods of time [McCarthy et al., 1998]. Finally, the microbial signal in the riverbed could also be linked with
aeolian inputs from the extensive agricultural region in the surrounding Mexicali Valley; this would mean that
the signal in part may not be from and older residual source of microbes, but one that results from periodic
local wind-born soil inputs, and possibly comprised of particulates with living microbes attached, at least
when deposited. Again, it should be emphasized that we cannot reach a quantitative conclusion about the
aged DOC sources based on our data alone.
The similarity between FI and (β/α) values in the riverbed leachate and Sites 2 and 3 waters (1.59, 1.54, and
1.78) and (0.83, 0.80, and 0.68), respectively, also may indicate that there was an efﬂux of material from the
riverbed to the pulse ﬂow. More speciﬁcally, if we assume that the signature of the water was in part derived
from riverbed sands, the mobilized fraction had FI values in the range of ~ 1.8, typically reﬂective of microbial
source material and β/α values that were less than 1, indicative of highly decomposed DOM [Wilson and
Xenopoulos, 2009]. In contrast, the HIX was signiﬁcantly higher in the leachate than in Sites 2 and 3 waters,
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as was SUVA254 in the riverbed leachate compared with Sites 2 and 3 (Table 5), indicating that the more aromatic and humiﬁed (i.e., more ﬂuorescing and low H/C ratios [Zsolnay et al., 1999]) materials in the riverbed
sands did not mobilize very effectively to overlying pulse ﬂow waters. These EEM indices also potentially
reﬂect a signature with high agriculture impacts [Wilson and Xenopoulos, 2009; Hosen et al., 2014], which is
consistent with inputs from upstream of the dam and throughout much of the Mexicali Valley [OrozcoDuran et al., 2015]. Other work has shown that microbially derived DOC, largely produced from lysis products
that have accumulated over time in soils, can represent a signiﬁcant fraction of the DOC during the early
stages of a ﬂooding event in temperate forests [Christ and David, 1996]. Other recent work has shown that
hepstoses, commonly found in microbial exopolysaccharides and lipopolysaccharides, were found to represent as much as 86% of all analyzed biomarkers in ﬂoodwaters during the early stages of a ﬂooding event in a
French lowland headwater catchment [Jeanneau et al., 2015]. Finally, the fact that 16.3% of the OC in our sand
sample was leached into the water over a 24 h period with vigorous mixing further illustrates the importance
of DOM inputs from the sediment throughout the ﬂooding event.

5. Concluding Remarks
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The Colorado River pulse ﬂow provided a unique opportunity to investigate the impact of rewetting of a large
river delta on the mobilization, processing, and ﬂuxes of carbon. Based on our ﬁndings, we suggest that the
interplay between storage and mobilization of carbon and GHGs in arid and semiarid regions is potentially
sensitive to changing climate conditions, particularly hydrologic variability. As human appropriation of water
resources continues to increase, the episodic drying and rewetting of once natural riverbeds and deltas may
fundamentally alter the processing and storage of carbon in ﬂuvial systems. It remains unclear how the periodicity between wetting events alters the GHG and OM mobilization dynamics discussed here. For example,
do extended dry periods amplify or dampen the production and emission of GHGs during ﬂooding events?
Likewise, little is known about whether or not there is a threshold of base ﬂow conditions required to maintain a “natural” carbon balance in managed watersheds. One motivating factor for this controlled ﬂood event
was the restoration of native plant species along the riparian zone of the dry riverbed. In addition, existing
vegetation also showed an increase in photosynthetic activity and, presumably, growth. This is important
to consider when assessing the overall impact of such an event. For example, although we observed a positive ﬂux CO2 during the ﬂooding, it is possible that the enhanced growth of native and nonnative vegetation
will largely offset the rapid pulse of greenhouse gases. Resolving these uncertainties in the response of arid
regions to episodic ﬂooding (natural or human induced) is critical for assessing the role of inland waterways
on global carbon budgets, identifying potential feedback loops under a changing climate, and planning
future ﬂow restoration events.

References
Acuña, V., T. Datry, J. Marshall, D. Barceló, C. N. Dahm, A. Ginebreda, G. McGregor, S. Sabater, K. Tockner, and M. A. Palmer (2014), Why should
we care about temporary waterways?, Science, 343(6175), 1080, doi:10.1126/science.1246666.
Angel, R. (2010), Methane turnover in desert soils, Doctoral dissertation, Philipps-Universität Marburg.
Austin, A., M. L. Yahdjian, J. M. Stark, J. Belnap, A. Porporato, I. C. Burke, U. Choromanska, D. Ravetta, and S. M. Schaeffer (2004), Water pulses
and biogeochemical cycles in arid and semiarid ecosystems, Oecologia, 141, 221–235.
Baker, A. (2001), Fluorescence excitation-emission matrix characterization of some sewage-impacted rivers, Environ. Sci. Technol., 35(5),
948–953.
Baker, A. (2002), Fluorescence properties of some farm wastes: Implications for water quality monitoring, Water Res., 36(1), 189–195.
Bark, R. H., C. J. Robinson, and J. K. W. Flessa (2016), Tracking cultural ecosystem services: Water chasing the Colorado River restoration pulse
ﬂow, Ecol. Econ., 127, 165–172.
Bastviken, D., J. Ejlertsson, and L. Tranvik (2002), Measurement of methane oxidation in lakes: A comparison of methods, Environ. Sci. Technol.,
36, 3354–3361.
14
Bauer, J. E., P. M. Williams, and E. R. M. Druffel (1992), C activity of dissolved organic carbon fractions in the N. central Paciﬁc and Sargasso
Sea, Nature, 357, 667–670.
Bianchi, T. S., L. A. Wysocki, M. Stewart, T. R. Filley, and B. A. McKee (2007), Temporal variability in terrestrially-derived sources of particulate
organic carbon in the lower Mississippi River and its upper tributaries, Geochim. Cosmochim. Acta, 71(18), 4425–4437, doi:10.1016/
j.gca.2007.07.011.
14
Butman, D., P. A. Raymond, K. Butler, and G. Aiken (2012), Relationships between Δ C and the molecular quality of dissolved organic carbon
in rivers draining to the coast from the conterminous United States, Global Biogeochem. Cycles, 26, GB4014, doi:10.1029/2012GB004361.
Butman, D., S. Stackpoole, E. Stets, C. P. McDonald, D. W. Clow, and R. G. Striegl (2016), Aquatic carbon cycling in the conterminous United
States and implications for terrestrial carbon accounting, Proc. Natl. Acad. Sci. U.S.A., 113(1), 58–68, doi:10.1073/pnas.1512651112.
Butman, D. E., and P. A. Raymond (2011), Signiﬁcant efﬂux of carbon dioxide from streams and rivers in the United States, Nat. Geosci., 412,
839–842, doi:10.1038/ngeo1294.

EXPERIMENTAL OF COLORADO RIVER

625

Journal of Geophysical Research: Biogeosciences

10.1002/2016JG003555

Cable, J. M., and T. E. Huxman (2004), Precipitation pulse size effects on Sonoran Desert soil microbial crusts, Oecologia, 141(2), 317–324,
doi:10.1007/s00442-003-1461-7.
Christ, M. J., and M. B. David (1996), Temperature and moisture effects on the production of dissolved organic carbon in a spodosol, Soil Biol.
Biochem., 28(9), 1191–1199, doi:10.1016/0038-0717(96)00120-4.
Coble, P. G. (1996), Characterization of marine and terrestrial DOM in seawater using excitation-emission matrix spectroscopy, Mar. Chem.,
51, 325–346.
Coble, P. G., S. A. Green, N. V. Blough, and R. B. Gagosian (1990), Characterization of DOM in the Black Sea by ﬂuorescence spectroscopy,
Nature, 348, 432–435, doi:10.1038/348432a0.
Coble, P. G., J. Lead, A. Baker, D. M. Reynolds, and R. G. Spencer (2014), Aquatic Organic Matter Fluorescence, Cambridge Univ. Press, New York.
Congalton, R. G., M. Balogh, C. Bell, K. Green, J. A. Milliken, and R. Ottman (1998), Mapping and monitoring agricultural crops and other land
cover in the lower Colorado River Basin, Photogramm. Eng. Remote Sens., 64(11), 1107–1114.
Cory, R. M., and D. M. McKnight (2005), Fluorescence spectroscopy reveals ubiquitous presence of oxidized and reduced quinones in DOM,
Environ. Sci. Technol., 39, 8142–8149, doi:10.1021/es0506962.
Daessle, L. W., A. Orozco, U. Struck, V. F. Camacho-Ibar, R. van Geldern, E. Santamaria-del-Angel, and J. A. C. Barth (2016a), Sources and sinks of
nutrient and organic carbon during the 2014 pulse ﬂow of the Colorado River into Mexico, Ecol. Eng., in press.
Daessle, L. W., R. van Geldern, A. Orozco, and J. A. C. Barth (2016b), The 2014 water release into the arid Colorado River delta and associated
water losses by evaporation, Sci. Total Environ., 542, 586–590.
Dalzell, B. J., T. R. Filley, and J. M. Harbor (2005), Flood pulse inﬂuences on terrestrial organic matter export from an agricultural watershed,
J. Geophys. Res., 110, G02011, doi:10.1029/2005JG000043.
Druffel, E. R. M., and P. M. Williams (1992), Importance of isotope measurements in marine organic geochemistry, Mar. Chem., 39, 209–215.
Dubois, K. D., D. Lee, and J. Veizer (2010), Isotopic constraints on alkalinity, dissolved organic carbon, and atmospheric carbon dioxide ﬂuxes
in the Mississippi River, J. Geophys. Res., 115, G02018, doi:10.1029/2009JG001102.
Eadie, B. J., L. M. Jeffrey, and W. M. Sackett (1978), Some observations on the stable carbon isotope composition of dissolved organic carbon
in the marine environment, Geochim. Cosmochim. Acta., 42, 1265–1269.
Fellman, J. B., E. Hood, and R. G. M. Spencer (2010), Fluorescence spectroscopy opens new windows into dissolved organic matter dynamics
in freshwater ecosystems: A review, Limnol. Oceanogr., 55(6), 2452–2462.
Flessa, K., E. Kendy, and K. Schlatter (2014), Initial progress report, minute 319 Colorado River delta environmental ﬂows monitoring,
International Boundary and Water Commission, (last viewed Dec. 11, 2015). [Available at http://www.ibwc.gov/EMD/
Min319Monitoring.pdf.]
Flessa, K. W., E. P. Glenn, O. Hinojosa-Huerta, C. A. Parra-Rentería, J. RamírezHernández, J. C. Schmidt, and F. A. Zamora-Arroyo (2013),
Flooding the Colorado River delta: A landscape-scale experiment, Eos Trans. AGU, 94(50), 485–486, doi:10.1002/2013EO500001.
Frostegård, Å., and E. Bååth (1996), The use of phospholipid fatty acid analysis to estimate bacterial and fungal biomass in soil, Biol. Fertil.
Soils, 22(1–2), 59–65.
Gallo, E. L., K. S. Lohse, C. M. Ferlin, T. Meixner, and P. D. Brooks (2014), Physical and biological controls on trace gas ﬂuxes in semi-arid urban
ephemeral waterways, Biogeochemistry, 121(1), 189–207, doi:10.1007/s10533-013-9927-0.15.
Goñi, M. A., and J. I. Hedges (1992), Lignin dimers: Structures, distribution, and potential geochemical applications, Geochim. Cosmochim.
Acta, 56(11), 4025–4043, doi:10.1016/0016-7037(92)90014-A.
Guo, L., C. H. Coleman, and P. H. Santschi (1994), The distribution of colloidal and dissolved organic carbon in the Gulf of Mexico, Mar. Chem.,
45(1), 105–119, doi:10.1016/0304-4203(94)90095-7.
Haverd, V., M. R. Raupach, P. R. Briggs, J. G. Canadell, S. J. Davis, R. M. Law, C. P. Meyer, G. P. Peters, C. Pickett-Heaps, and B. Sherman (2013),
The Australian terrestrial carbon budget, Biogeosciences, 10(2), 851–869, doi:10.5194/bg-10-851-2013.
Hedges, J. I., and J. R. Ertel (1982), Characterization of lignin by gas capillary chromatography of cupric oxide oxidation products, Anal. Chem.,
54(2), 174–178, doi:10.1021/ac00239a007.
Hedges, J. I., and D. C. Mann (1979), The characterization of plant tissues by their lignin oxidation products, Geochim. Cosmochim. Acta,
43(11), 18,031,807, doi:10.1016/0016-7037(79)90028-0.
Hernes, P. J., R. G. Spencer, R. Y. Dyda, B. A. Pellerin, P. A. Bachand, and B. A. Bergamaschi (2008a), The role of hydrologic regimes on dissolved organic carbon composition in an agricultural watershed, Geochim. Cosmochim. Acta, 72(21), 5266–5277, doi:10.1016/j.
gca.2008.07.031.
Hernes, P. J., A. C. Robinson, and A. K. Aufdenkampe (2008b), Fractionation of lignin during leaching and sorption and implications for
organic matter “freshness”, Geophys. Res. Lett., 34, L17401, doi:10.1029/2007GL031017.
Hodson, H. (2014), Colorado River back from the dead, New Sci., 221, 8–9, doi:10.1016/S0262-4079(14)60509-1.
Hood, E., M. N. Gooseff, and S. L. Johnson (2006), Changes in the character of stream water dissolved organic carbon during ﬂushing in three
small watersheds, Oregon, J. Geophys. Res., 111, G01007, doi:10.1029/2005JG000082.
Hosen, J. D., O. T. McDonough, C. M. Febria, and M. A. Palmer (2014), Dissolved organic matter quality and bioavailability changes across an
urbanization gradient in headwater streams, Environ. Sci. Technol., 48, 7817–7824, doi:10.1021/es501422z.
Humborg, C., C. M. Morth, M. Sundbom, H. Borg, T. Blenckner, R. Giesler, and V. Ittekkot (2010), CO2 supersaturation along the aquatic conduit
in Swedish watersheds as constrained by terrestrial respiration, aquatic respiration and weathering, Global Change Biol., 16(7), 1966–1978,
doi:10.1111/j.1365-2486.2009.02092.x.
International Boundary and Water Commission (2014), Minute 319 Colorado River delta environmental ﬂows monitoring, Initial Progress
Report. International Boundary and Water Commission, USA-Mexico. [Available at http://www.ibwc.gov/EMD/Min319Monitoring.pdf.]
IPCC (2013), Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change, edited by T. F. Stocker et al., 1535 pp., Cambridge Univ. Press, Cambridge, U. K., and New York,
doi:10.1017/CBO9781107415324.
Jähne, B., K. O. Münnich, R. Bösinger, A. Dutzi, W. Huber, and P. Libner (1987), On the parameters inﬂuencing air-water gas exchange,
J. Geophys. Res., 92, 1937–1949, doi:10.1029/JC092iC02p01937.
Jeanneau, L., M. Denis, A. C. Pierson-Wickmann, G. Gruau, T. Lambert, and P. Petitjean (2015), Sources of dissolved organic matter during
storm and interstorm conditions in a lowland headwater catchment: Constraints from high frequency molecular data, Biogeosciences,
12(14), 4333–4343, doi:10.5194/bg12-4333-2015.
Kim, D. G., R. Vargas, B. Bond-Lamberty, and M. R. Turetsky (2012), Effects of soil rewetting and thawing on soil gas ﬂuxes: A review of current
literature and suggestions for future research, Biogeosciences, 9(7), 2459–2483, doi:10.5194/bg9-2459-2012.
Leopold, L. B., and T. J. Maddock (1953), The Hydraulic Geometry of Stream Channels and Some Physiographic Implications, edited by
Dot Interior, United States Government Printing Ofﬁce, Washington, D. C.

BIANCHI ET AL.

EXPERIMENTAL OF COLORADO RIVER

626

Journal of Geophysical Research: Biogeosciences

10.1002/2016JG003555

Louchouarn, P., S. Opsahl, and R. Benner (2000), Isolation and quantiﬁcation of dissolved lignin from natural waters using solid-phase
extraction and GC/MS, Anal. Chem., 72(13), 2780–2787, doi:10.1021/ac9912552.
Martin, E. E., A. E. Ingalls, J. E. Richey, R. G. Keil, G. M. Santos, L. T. Truxal, S. R. Alin, and E. R. Druffel (2013), Age of riverine carbon suggests rapid
export of terrestrial primary production in tropics, Geophys. Res. Lett., 40, 5687–5691, doi:10.1002/2013GL057450.
Maurice, P. A., S. E. Cabaniss, J. Drummond, and E. Ito (2002), Hydrogeochemical controls on the variations in chemical characteristics of
natural organic matter at a small freshwater wetland, Chem. Geol., 187(1), 59–77, doi:10.1016/S0009-2541(02)00016-5.
McCarthy, M. D., J. I. Hedges, and R. Benner (1998), Major bacterial contribution to marine dissolved organic nitrogen, Science, 281, 231–234.
Murphy, K. R., C. A. Stedmon, D. Graeber, and R. Bro (2013), Fluorescence spectroscopy and multi-way techniques: PARAFAC, Anal. Methods,
doi:10.1039/c3ay41160e.
Opsahl, S., and R. Benner (1998), Photochemical reactivity of dissolved lignin in river and ocean waters, Limnol. Oceanogr., 43, 1297–1304.
Orozco-Duran, A., L. W. Daessle, V. F. Camcho-Ibar, E. Ortiz-Campos, and J. A. C. Barth (2015), Turnover and release of P-, N-, Si- nutrients in the
Mixicali Valley (Mexico): Interactions between the lower Colorado River and adjacent ground-and surface water systems, Sci. Total
Environ., 512–513, 185–193.
Parlanti, E., K. Worz, L. Geoffroy, and M. Lamotte (2000), Dissolved organic matter ﬂuorescence spectroscopy as a tool to estimate biological
activity in a coastal zone submitted to anthropogenic inputs, Org. Geochem., 31, 1765–1781, doi:10.1016/S0146-6380(00)00124-8.
Petrone, K. C., J. B. Fellman, E. Hood, M. J. Donn, and P. F. Grierson (2011), The origin and function of dissolved organic matter in agro-urban
coastal streams, J. Geophys. Res., 116, G01028, doi:10.1029/2010JG001537.
Raymond, P. A., and J. E. Bauer (2001), Riverine export of aged terrestrial organic matter to the North Atlantic, Nature, 409(6819), 497–500.
Raymond, P. A., and J. E. Saiers (2010), Event controlled DOC export from forested watersheds, Biogeochemistry, 100(1–3), 197–209,
doi:10.1007/s10522-010-9416-7.
Raymond, P. A., C. J. Zappa, D. Butman, T. L. Bott, J. Potter, P. J. Mulholland, A. Laursen, W. H. McDowell, and J. D. Newbold (2012), Scaling the
gas transfer velocity and hydraulic geometry in streams and small rivers, Limnol. Oceanogr., 2, 41–53.
Raymond, P. A., et al. (2013), Global carbon dioxide emissions from inland waters, Nature, 503(7476), 355–359.
Richey, J. E., J. M. Melack, A. K. Aufdenkampe, V. M. Ballester, and L. L. Hess (2002), Outgassing from Amazonian rivers and wetlands as a large
tropical source of atmospheric CO2, Nature, 416(6881), 617–620.
Saros, J. E., C. L. Osburn, R. M. Northington, S. D. Birkel, J. D. Auger, C. A. Stedmon, and N. J. Anderson (2015), Recent decrease in DOC
concentrations in Arctic lakes of southwest Greenland, Geophys. Res. Lett., 42, 6703–6709, doi:10.1002/2015GL065075.
Sawakuchi, H. O., D. Bastviken, A. O. Sawakuchi, N. D. Ward, C. Borges, S. M. Tsai, J. E. Richey, M. V. R. Ballester, and A. V. Krusche (2016),
Oxidative mitigation of methane evasion in large Amazonian rivers, Global Change Biol., 22(3), 1075–1085.
Sickman, J. O., C. L. Di Giorgio, M. L. Davisson, D. M. Lucero, and B. Bergamaschi (2010), Identifying sources of dissolved organic carbon in
agriculturally dominated rivers using radiocarbon age dating: Sacramento-San Joaquin River Basin, California, Biogeochemistry, 99, 79–96.
Sponseller, R. A. (2007), Precipitation pulses and soil CO2 ﬂux in a Sonoran Desert ecosystem, Global Change Biol., 13(2), 426–436,
doi:10.1111/j.13652486.2006.01307.x.
Sponseller, R. A., and S. G. Fisher (2008), The inﬂuence of drainage networks on patterns of soil respiration in a desert catchment, Ecology,
89(4), 1089–1100, doi:10.1890/06-1933.1.
Stanley, E. H., N. J. Casson, S. T. Christel, J. T. Crawford, L. C. Loken, and S. K. Oliver (2016), The ecology of methane in streams and rivers:
Patterns, controls, and global signiﬁcance, Ecol. Monogr., 86(2), 146–171, doi:10.1890/15-1027.
Stedmon, C. A., and S. Markager (2005), Resolving the variability in dissolved organic matter ﬂuorescence in a temperate estuary and its
catchment using PARAFAC analysis, Limnol. Oceanogr., 50, 686–697.
Stokstad, E. (2014), Restoration ecology: U.S. and Mexico unleash a ﬂood into Colorado delta, Science, 343(6177), 1301, doi:10.1126/
science.343.6177.1301.
Striegl, R. G., M. M. Dornblaser, C. P. McDonald, J. R. Rover, and E. G. Stets (2012), Carbon dioxide and methane emissions from the Yukon
River system, Global Biogeochem. Cycles, 26, GB0E05, doi:10.1029/2012GB004306.
Traina, S. J., J. Novak, and N. E. Smeck (1990), An ultraviolet absorbance method of estimating the percent aromatic carbon content of humic
acids, J. Environ. Qual., 19, 151–153.
von Schiller, D., R. Marcé, B. Obrador, L. Gómez, J. P. Casas, V. Acuña, and M. Koschorreck (2014), Carbon dioxide emissions from dry
watercourses, Inland Waters, 4(4), 377–382, doi:10.5268/IW-4.4.746.
Wanninkhof, R. (1992), Relationship between wind-speed and gas-exchange over the ocean, J. Geophys. Res., 97, 7373–7382, doi:10.1029/
92JC00188.
Ward, N. D., J. E. Richey, and R. G. Keil (2012), Temporal variation in river nutrient and dissolved lignin phenol concentrations and
the impact of storm events on nutrient loading to Hood Canal, Washington, USA, Biogeochemistry, 111(1–3), 629–645, doi:10.1007/
s10533-012-9700-9.
Ward, N. D., R. G. Keil, P. M. Medeiros, D. C. Brito, A. C. Cunha, T. Dittmar, P. L. Yager, A. V. Krusche, and J. E. Richey (2013), Degradation of
terrestrially derived macromolecules in the Amazon River, Nat. Geosci., 6(7), 530–533, doi:10.1038/ngeo1817.
Weishaar, J. L., G. R. Aiken, B. A. Bergamaschi, M. S. Fram, R. Fujii, and K. Mopper (2003), Evaluation of speciﬁc ultraviolet absorbance as an
indicator of the chemical composition of dissolved organic matter, Environ. Sci. Technol., 37, 4702–4708.
Williams, P. M., and L. I. Gordon (1970), Carbon-13: Carbon-12 ratios in dissolved and particulate matter in the sea, Deep Sea Res., 17(1), 19–27.
Wilson, W. F., and M. A. Xenopoulos (2009), Effects of agricultural land use on the composition of ﬂuvial organic matter, Nat. Geosci., 2, 37–41.
Witze, A. (2014), Water returns to arid Colorado River delta, Nature, 507(7492), 286–287, doi:10.1038/507286a.
Zsolnay, A., E. Baigar, M. Jimenez, B. Steinweg, and F. Saccomandi (1999), Differentiating with ﬂuorescence spectroscopy the sources of
dissolved organic matter in soils subjected to drying, Chemosphere, 38, 45–50, doi:10.1016/S0045-6535(98)00166-0.

BIANCHI ET AL.

EXPERIMENTAL OF COLORADO RIVER

627

